ABSTRACT. Campylobacter jejuni reportedly exhibits chemotactic behavior towards fucose, several amino acids and organic acids, mucin and bile. The chemotaxis of C. jejuni has mainly been studied using the chemical-in-plug chemotaxis assay. In this study, a nonchemotactic mutant (cheY mutant) and nonmotile mutant (flhA mutant) were constructed and used as negative controls in an assay. Apparent zones of accumulation around test plugs containing several amino acids and organic acids were observed with both of the mutants. Our results suggest that positive responses of C. jejuni in the chemical-in-plug assay are not always indicative of chemotaxis.
Campylobacter jejuni is a leading cause of infectious bacterial diarrhea in Japan. Chemotaxis is known to be a virulence factor in C. jejuni [3, 6, 13] . However, the chemotactic behavior and its molecular mechanism are poorly understood in C. jejuni. Chemical-in-plug assay methods can be used to detect chemotactic response of bacteria [1] . In this assay, hard agar plugs containing test reagents are placed in soft agar containing the bacteria, and subsequent bacterial accumulation around the plugs is monitored. It has been reported that C. jejuni shows a positive response in this assay towards fucose, several amino acids and organic acids, mucin and bile [7, 10, 11] . Recently, Li et al. reported that nonchemotactic and nonmotile mutants in two bacterial species (Helicobacter pylori and Shewanella oneidensis) exhibited false positive reactions in the chemical-in-plug assay [9] . This report prompted us to examine the reactions of nonchemotactic and nonmotile C. jejuni mutants in the chemical-in-plug assay, because the standard negative control used in the above-cited studies was to observe accumulation around a plug lacking the chemical.
C. jejuni chemical-in-plug assays were conducted using a wild-type C. jejuni 81-176 strain [2] and isogenic mutants. C. jejuni was routinely cultured on Mueller Hinton (MH) agar containing 10 g/ml trimethoprim in microaerobic conditions (10% CO 2 , 5% O 2 and 85% N 2 ) at 37 C. Kanamycin was added to MH agar at a concentration of 50 g/ml, when necessary. All C. jejuni strains were stored at -80C in an 85% MH broth-15% glycerol solution.
To construct a deletion mutant of cheY, a 1.6 kb fragment containing approximately 600 nucleotides upstream and downstream of cheY was amplified from the chromosome of C. jejuni 81-176 by polymerase chain reaction (PCR), using primers cheY-F (5'-TGCGTGACAGCTTCTATGCC-3') and cheY-R (5'-GTGATACTGATGAGTTGGCT-3'). This fragment was cloned into pGEM-T vector to create pTK501. PCR-mediated mutagenesis was used to create deletions of cheY [12] . pTK501 served as a template to delete codon 12 to codon 130 of cheY, which was replaced with an SmaI site. To achieve this, we used the primers cheY-1(5'-GTTGTTGATGACAGTTCTACTATGCCCG GGTAAAGGCTGATTTTTAAAATTCTAAATGC-3') and cheY-2(5'-GCATTTAGAATTTTAAAAATCAGCC TTTACCCGGGCATAGTAGAACTGTCATCAACAAC-3'). This plasmid was digested with SmaI and ligated with an SmaI-digested aphA-3 cassette from DRH371 [5] . The resulting plasmid was electroporated into DRH212 [4] to construct a cheY::aphA-3 mutant. The flhA mutant (flhA::solo) was selected as a mutant exhibiting a nonmotile phenotype on semisolid motility agar from a C. jejuni 81-176 transposon library, constructed as previously described [4] .
C. jejuni 81-176, and our derivatives, were streaked onto MH agar and grown at 37C under microaerophilic conditions for 48 hr. Strains were streaked heavily onto MH agar plates and grown at 37C under microaerophilic conditions for 16 hr. Each strain was resuspended in phosphate-buffered saline (PBS) before the bacterial concentration was adjusted spectrophotometrically to approximately 5  10 8 CFU/ml with PBS soft agar (0.35% to 0.4%). The suspension (20 ml) of bacteria in agar was added to a Petri plate. Hard agar plugs (2.0% agar, 8 mm diameter) containing the test chemical at a concentration of 10 to 100 mM were transferred using sterile toothpicks into soft agar. The Petri plates were incubated at 37C under microaerophilic conditions for 3 hr. Assays were conducted at least three times for each strain.
Phase contrast microscopy revealed that cheY::aphA-3 and flhA::solo mutants were motile and nonmotile, respectively. FlhA is an inner membrane export apparatus protein required for flagellar protein secretion [5, 8] . Thus, flhA::solo is thought to be aflagellated because of a defect of * CORRESPONDENCE TO: KAKUDA, T., Laboratory of Animal Hygiene, School of Veterinary Medicine, Kitasato University, Higashi 23-35-1, Towada, Aomori 034-8628, Japan. e-mail: kakuda@vmas.kitasato-u.ac.jp flagellar protein secretion. The cheY::aphA-3 exhibited a nonmotile phenotype in the semisolid motility agar assay, although this mutant is flagellated and can swim in liquid (Fig. 1) . CheY is a response regulator protein that interacts with the flagellar motor [13] . Thus, the cheY mutant cannot reverse the direction of flagellar rotation, or exhibit a chemotactic response.
Both motility and chemotaxis are required for a chemotactic response, so in our assay we tested C. jejuni mutants defective for both of these processes. The wild type accumulated around plugs containing L-glutamate, L-serine, Laspartate, L-fumarate, -ketoglutarate, citrate and pyruvate ( Fig. 2 and Table 1 ). No accumulation was observed around negative control plugs containing only PBS. Surprisingly, cheY::aphA-3 mutant exhibited accumulation zones, which were identical to those of the wild type ( Fig. 2 and Table 1 ). Furthermore, accumulation zones around plugs containing L-serine, -ketoglutarate, fumarate and pyruvate were also found with the flhA::solo mutant (Table 1) . To determine whether these responses required living bacteria, the flhA::solo mutant was heat killed by incubating the bacterial suspension at 63C for 30 min. This treatment stopped the reaction completely (data not shown). The chemical-inplug assay was then performed in the presence of chloramphenicol, at a concentration of 100 to 300 g/ml. Accumulation around the plugs was still seen in these conditions, for both the wild type and flhA::solo, suggesting that de novo protein synthesis was not necessary for accumulation to occur (Data not shown).
Our analysis showed that both nonmotile and nonchemotactic mutants of C. jejuni appeared to exhibit chemotaxis in the chemical-in-plug assay. We initially speculated that bacterial growth was due to nutrients derived from the plugs being used as a carbon and energy source. However, bacterial growth was unlikely to be required because accumulation was seen even in the presence of chloramphenicol although living bacteria are required for these reactions. Li et al. suggested that S. oneidensis might respond to chemical gradients diffusing from the plugs by forming a precipitate, and that this can be confused with a behavioral response [9] . This hypothesis might also explain the phenomenon we observed with C. jejuni.
We do not dispute the results of previous studies, because we cannot exclude the possibility of chemotaxis-dependent bacterial accumulation, around plugs containing attractants, if both chemotaxis-dependent and chemotaxis-independent responses can occur at the same time. However, we consider that there are serious concerns for this assay when applied to C. jejuni, because it is not possible to definitively distinguish chemotaxis-dependent responses.
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